In this paper we estimate the uncertainty of the rainfall products from NASA and 24 JAXA's Tropical Rainfall Measurement Mission (TRMM) Precipitation Radar (PR) so that they 25 may be used in a quantitative manner for applications like hydrologic modeling or merging with 26 other rainfall products. The spatial error structure of TRMM-PR surface rain rates and types was 27 systematically studied by comparing them with NOAA/National Severe Storms Laboratory's 28 (NSSL) next generation, high-resolution (1km/5min) National Mosaic QPE (NMQ/Q2) over the 29 TRMM-covered Continental United States (CONUS). Data pairs are first matched at the PR 30 footprint scale (5km/instantaneous) and then grouped into 0.25-degree grid cells to yield 31 spatially distributed error maps and statistics using data from Dec. 2009 through Nov. 2010. 32
Introduction 45
Reliable quantitative estimates of the spatial precipitation distribution are critical in the 46 application of satellite-based rainfall in hydrologic modeling and hazards monitoring and 47
forecasting. Due to their global coverage and spatial continuity, satellite-based quantitative 48 precipitation estimates (QPE) products are used for such applications. However, there are many 49 inherent error sources in satellite-based measurements, such as the spatial horizontal/vertical 50 heterogeneity of the rain fields. Therefore, characterizing the error structure of satellite-based 51 rainfall products is recognized as a major issue for the usefulness of the estimates (Abdella and 52 The first space-based precipitation radar (PR) was launched aboard the Tropical Rainfall 58
Measuring Mission (TRMM) in 1997. TRMM is a joint mission between National Aeronautics 59 and Space Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA) 60 designed to monitor and study tropical rainfall. In addition to PR, other precipitation-related 61 instruments include the Microwave Imager (TMI), the Visible Infrared Scanner (VIRS), and the 62 Lightning Imaging Sensor (LIS) (Kummerow et al. 1998 ). PR measures the rainfall conjointly 63 with TMI; it measures the 3-D rainfall distribution over both land and ocean, whereas TMI, as 64 well as many other passive microwave sensors aboard other satellite platforms, provides an 65 indirect measurement of surface rainfall. Therefore, TRMM PR rainfall estimates are considered 66 as a reference for calibrating TMI-based rainfall estimates (Wolff and Fisher 2009; Yang et al.2009 ) are used in this study. In addition, NMQ provides another important product related to the 114 accuracy of the QPEs called the hybrid scan reflectivity height (HSRH). The HSRH product is 115 available every 5 min and is composed of the lowest effective radar scanning heights from which 116 the reflectivity data are converted into precipitation according to a certain Z-R relation based on 117 the VPR classification (Zhang et al. 2011) . Figure 1a shows the HSRH product over the CONUS. 118
Relatively high HSRH values are present in the intermountain West due to intervening beam 119 blockages (Maddox et al. 2002) . Lastly, we used the precipitation type product from Q2 to infer 120 potential error characteristics due to precipitation classification. Both Q2 and PR algorithms base 121 their surface rainfall rate estimates on the classification of the precipitation type (e.g., convective 122 vs. stratiform) for a given grid column. Thus, there may be errors that are merely due to improper 123 classification. Q2 identifies convective echoes if there is reflectivity > 50 dBZ anywhere in the 124 grid column or reflectivity > 30 dBZ at temperatures colder than the -10˚C isotherm. Otherwise it 125 is considered as stratiform in our study. 126
In order to obtain an instantaneous, low-bias rain rate mosaic, we applied a bias-127 correction method similar to the one proposed by (Amitai et al. 2012) to yield the Q2RadGC 128 product at 5-min resolution. We compared the hourly Q2Rad and Q2RadGC products to compute 129 the bias on a pixel-by-pixel basis. The hourly correction factor was then applied to the Q2Rad 130 product every 5 min. While the true, unknown rainfall bias may vary at a given pixel within an 131 hour, the adjustment scheme we applied at least provides for the removal of hourly bias applied 132 downscale to rainfall rates. Extreme adjustment factors (outside [0.1-10]) were discarded and no 133 comparison is performed with PR for the corresponding Q2 values (Kirstetter et al. 2012b) . 134
Additional details regarding the processing of the Q2 reference are provided in section 2.3 with a 135 discussion on the PR-Q2 matching methodology.
TRMM PR 137
The TRMM PR is the first precipitation radar operating in space. It operates at 13.8 GHZ 138
and measures the 3-D rainfall distribution over both land and ocean, and defines the layer depth 139 of the precipitation. It covers the tropics from 37°S-37°N with a spatial horizontal resolution of 140 4.3 km before the orbit boost on Aug. 7 2001, which increased to 5.0 km after the boost, and a 141 vertical resolution of 250 m. Its radar wavelength is 2.2 cm and the minimum detectable echo is 142 about 17 dBZ, which is equivalent to about 0. 
Data matching and evaluation 149
The time and space resolution of the reference rainfall should be carefully matched to the 150 TRMM-PR pixel resolution as closely as possible in order to quantitatively evaluate PR. 151
Otherwise, systematic and random errors may arise due to data mismatches rather than reflecting 152 the accuracy of the product. The Q2 products closest in time to the TRMM satellite local 153 overpass schedule time are used and resampled to the PR spatial resolution. TRMM essentially 154 provides a snapshot at a given time while Q2-based rainfall estimates are produced every 5 min. 155
This equates to a maximum temporal offset of 2.5 min at a fixed location. The reference rainfall 156 Figure 1d shows the original Q2RadGC product prior to processing, 167
and Fig. 1e shows matching Q2RadGC after it has been resampled to the pixel resolution of 168 TRMM PR. Data falling outside the swath of the TRMM overpass have been discarded. Figure  169 1f shows the Q2 product after the robustness condition has been applied. Figure 1g shows those 170 pixels that were considered non robust and have therefore been discarded in subsequent analyses. 171
Next, matched data pairs are counted within 0.25-degree grid cells. This common grid 172 was needed for composited data because the TRMM 2A25 product is specific for each overpass. 173
If the number of matched pixels was less than 30 for a given 0.25-deg grid cell, then we deemed 174 the sample size too small and do not consider those pairs for statistical evaluation hereafter. 175 Figure 2a shows the distribution of total matched pairs between Q2 and PR for all overpasses 176 combined in the one-year study. No considerations of the data quality, rainfall amounts, nor 177 sample sizes have been made in this plot, thus it represents the theoretical maximum of data pairs 178 for the study period. Figure 2b The number of data samples for evaluation is affected by rainfall intermittency, the 216 overpass frequency of TRMM PR, and censoring of reference values to improve its quality. 217 Table 1 indicates there are a total of 1,142,724 PR-Q2 matched pairs for which the rain rates of 218 both Q2 and PR are greater than 0 mm h -1 . After applying the robust criterion to Q2, the sample 219 Cumulative distributions of rain rates of PR and Q2 rainfall in terms of occurrence 242 (CDFc) and volume (CDFv) are used to characterize PR's ability to detect different rainfall 243 intensities. Figure 5 shows that PR poorly detects the lightest rain rates (<~0.1 mm h -1 ) but 244 presents similar CDFc with the Q2 reference for rain rates >1 mm h -1 . The CDFv indicates thatfor PR, rain rates in the range [0.3-25] mm h -1 contribute nearly entirely to the total rainfall 246 volume while the contribution from higher rain rates (>25 mm h -1 ) is significant for the 247 reference. As an example, PR has a limited cumulated occurrence (7%) of rain rates greater than 248 10 mm h -1 for a cumulated contribution up to 40%. Q2, on the other hand, has a similar total 249 rainfall contribution of 40% when the rain rates are greater than 20 mm h -1 . This indicates that 250 PR underestimates higher rainfall rates (>20 mm h -1 ), probably because of insufficient correction 251 of signal attenuation losses as suggested by Wolff and Fisher (2008) and stratiform echoes from PR are poorly correlated with those of Q2 with a CC of 0.33. But, thebiggest difference is the propensity for PR to detect more convective echoes than Q2. While 269 there is no evidence that the Q2 classification may be more accurate than the PR, this particular 270 characteristic will be revisited in the spatial rainfall error quantification as it can potentially 271 explain bias in rainfall rate estimation due to more classification of convective rain types from 272 the PR relative to the reference. 273
Convective events usually bring localized, intense rainfall in a short amount of time while 274 stratiform events are associated with weaker rainfall but lasting for a relatively long time period 275 over larger areas. Insights into convective and stratiform contribution in rain events goes beyond 276 evaluating PR QPEs in that it will benefit users of the data interested in hydrologic extremes 277 such as floods and landslides. Figure 7 shows the spatial distributions of total convective and 278 stratiform rainfall, percent contribution from convective and stratiform echoes to total rainfall 279 and scatter plots between PR and Q2. A potential explanation is the higher false alarms over mountainous regions may be caused by 300 poor performance of the surface reference technique (SRT). It is unlikely that these regions are 301 poorly sampled by Q2, which also suffers by beam blockages, because we restricted the Q2 302 reference dataset to areas of good radar sampling with HRSH < 3200 m. Two other spots of high 303 FAR values are noticeable in Texas. Figure 5f shows that these spots correspond to a significant 304 overestimation (> 15%) of the PR convective rainfall classification relative to the reference. In 305 this case one could relate this PR overestimation of surface rain rate to a misclassification of 306 rainfall type. We discuss this point further in section 3.3 below. 307
With the threshold set to 10 mm h -1 , scores are generally worse with lower POD (9.32% 308 of area have POD above 80%), lower CSI values (only 2.52% of area have CSI above 80%) and 309 higher FAR (11.02% of pixels have FAR above 80%). The POD tends to increase towards the 310 West but this is offset with an increase in the FAR over the mountainous areas. The spatial 311 correlation between areas with FAR values above 0.6 in Fig. 8f and the rainfall convective 312 misclassification of PR relative to the reference in Fig. 6 are now becoming more evident. Figure 8f shows that the 316 rainfall was underestimated by about 20% to 40% over 32% of the total study area. The most 317 significant overestimates by PR according to RB (Fig. 9b) The following factors (and combinations therein) potentially explain why PR more 330 frequently estimates moderate rain rates from 5-20 mm h -1 (Fig. 5b) : incorrect rainfall 331 classification, over-correction of the attenuated radar signal, poor performance of the surface 332 reference technique (SRT), ground clutter in mountainous regions, incorrect Z-R relationship, 333 geometric effects (i.e., parallax issue outside of nadir). As shown in Fig. 4 , FAR increases 334 correspondingly as the rain rate threshold increases, indicating that PR over-detects high rain 335 rates relative to the time and location of the Q2 reference. Regions with significant FAR (Fig. 8) and overestimation of rainfall rates (Fig. 9) 2) PR detects more convection than Q2; 369 3) TRMM PR and Q2 have very similar spatial patterns of total convective and stratiform rainfall 370 types, with a CC of 0.63 for convective and 0.86 for stratiform echoes; 371 4) Despite these strong correlations of precipitation type, PR's total annual precipitation from 372 convection is 48.82% less than that by Q2, and its contribution to total annual precipitation from 373 stratiform echoes is 5.13% less than from the Q2 reference; 374 5) In terms of instantaneous rain rates in a year, PR is moderately correlated with Q2 with a 375 mean CC of 0.56 ( Figure 2e) ; 376 6) Regarding regional error characteristics, TRMM PR overestimates in western mountainous 377 areas, presumably due to failure of the surface reference technique used in the PR algorithm; 378 7) TRMM PR underestimates precipitation magnitude by a great margin in the southeastern 379 CONUS, which may be related to specific microphysics not well described in the 2A25 380 algorithm. Further research is needed to explore the impacts of the assumptions used in the 381 algorithms relative to observed participate drop size distributions;8) TRMM PR has high RMSE (> 6mm) in eastern parts of New Mexico, northwest Texas, south 383
Arkansas, south Tennessee, north Alabama, north Georgia and south Florida; 384 9) PR has high POD (> 80%), moderate CSI (> 60%) and low FAR in the eastern flat areas of the 385 CONUS when the rain rate threshold is set to 1 mm h -1 , but these statistics degrade significantly 386 when the threshold is increased to 10 mm h -1 . 387
A quantification of the uncertainty of these rainfall estimates will be quite useful to users 388 of the data including hydrologists, which is the principal aim of this study. Given that the TRMM 389 PR has more than 10 years of product generation since its launch in 1997 and the NMQ is under 390 retrospective production going back to 2002, future work will be potentially carried out to 391 explore the climatological spatial patterns of rain rates and rain types (i.e. convective and 392 stratiform) derived by TRMM PR against NMQ at multi-seasonal, inter-annual, and decadal time 393
scales. This will give us further understanding of TRMM PR's spatially distributed performance. 394
Moreover, future investigations with anticipation of the GPM launch in 2014 will likely advance 395 our understanding of the spatial features of space-borne radar precipitation products extended 396 from the TRMM-covered CONUS to the whole CONUS and beyond. This study develops a 397 benchmark to be used for the GPM-DPR era. With dual-frequency radar, we expect the rainfall 398 estimates will have reduced RMSE and systematic biases compared to the ground reference. We 399 will be able then to establish the areas with greatest (lowest) improvements and will be able to 400 relate these trends to error factors. Tables  522   Table 1 Conditioned statistics for PR-Q2RadGC5min comparison. 
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